In cytochrome c, it has been supposed that heme must bind to the apo polypeptide for structure formation. We constructed a C12A/C15A variant of hyperthermophilic Aquifex aeolicus cytochrome c 555 (AA c 555 ) in which the covalently heme-binding Cys residues were replaced by Ala, and characterized its molecular features. The apo C12A/C15A variant had almost the same helical content as holo AA c 555 , and spontaneously incorporated heme in vitro with no helical content change. These results suggest that the apo AA c 555 polypeptide is intrinsically structured without heme binding, this being the first case of a cytochrome c polypeptide. This finding provides a new suggestion as to cytochrome c formation, that heme is not necessarily required for cytochrome c polypeptide folding.
Key words: Aquifex aeolicus; cytochrome c; heme; polypeptide folding Cytochrome c is characterized by covalent heme linkages via thioether bonds between heme vinyl groups and two Cys residues within the consensus hemebinding CXXCH motif of the polypeptide. Removal of the heme from cytochrome c results in disappearance of the tertiary and secondary structures, 1) and hence it is supposed that heme must bind to the apo cytochrome c polypeptide during the folding process for formation of a higher-order structure. In the cells, the heme is attached to the polypeptide by the cytochrome c biogenesis apparatus. 2, 3) The system I cytochrome c biogenesis apparatus, functioning in the periplasm of many Gramnegative bacteria, comprises disulfide bond formation (Dsb) and cytochrome c maturation (Ccm) proteins. Molecular biological studies have suggested that each protein complex in system I is essential for endogenous and exogenous cytochrome c production in the Escherichia coli periplasm. 4) In a previous study, we found unexpectedly that hyperhermophilic Aquifex aeolicus cytochrome c 555 (AA c 555 ) was produced as a holo protein when expressed in the E. coli periplasm with an imperfect system I apparatus in which Dsb proteins were absent. 4) We hypothesized that the AA c 555 polypeptide is intrinsically structured and incorporates heme by analogy with some intrinsically structured apo cytochromes b that spontaneously incorporate heme with noncovalent linkages. [5] [6] [7] In order to determine the molecular features of the AA c 555 polypeptide, we tried to remove the heme from holo AA c 555 by the standard method, established by Fisher et al., 1) but the apo AA c 555 was not obtained, because AA c 555 was not denatured by acid denaturation, which is a necessary process in Fisher's method. Here we mutated the heme-binding Cys residues of the CXXCH motif of AA c 555 , in which no Cys residues were present. The resulting variant, which no longer covalently bound heme via thioether bonds, was examined as to whether it is structured without heme binding.
Materials and Methods
Expression plasmids. The plasmid used in AA c 555 production, pYU1, was described previously. 4) It carries the AA c 555 gene with the signal sequence of Pseudomonas aeruginosa cytochrome c 551 targeting the polypeptide to the periplasm of E. coli. Into the AA c 555 gene, mutations of the two heme-binding Cys residues, Cys-12 and Cys-15 to Ala (C12A/C15A), were introduced by a PCR (polymerase chain reaction)-based method to generate plasmid pKAA2, as described previously.
8)
Preparation of the holo AA c 555 wild-type and holo and apo C12A/ C15A variants. E. coli strain RI90 was used as the host in the production of the AA c 555 wild-type and C12A/C15A variant. 9) To express these proteins, E. coli RI90 transformed with pYU1 and pEC86 (carrying cytochrome c maturation genes ccmABCDEFGH from E. coli) 10) and with pKAA2 respectively was initially grown in liquid LB medium containing 100 mg/ml of ampicillin and 50 mg/ml of kanamycin. These LB pre-cultures (20 ml) were inoculated into 2 liters of minimal medium containing 0.4% glycerol in 5 liter flasks, which were then shaken at 37 C. Periplasmic extracts were obtained by the cold osmotic shock method, 11) dialyzed against 10 mM Tris/HCl (pH 8.0), and then loaded onto a DEAE column (Tosoh, Tokyo, Japan) that had been equilibrated with the same buffer. The AA c 555 and C12A/C15A protein fractions flowed through the column, and were then dialyzed against 20 mM 2-morpholinoethanesulfonic acid (MES) buffer (pH 6.0). The fractions were loaded onto a HiTrap SP column (GE Healthcare, Buckinghamshire, UK) that had been equilibrated with the same buffer. The AA c 555 and C12A/C15A proteins were eluted with 20 mM MES buffer (pH 6.0) containing a NaCl concentration gradient (0-500 mM), followed by loading onto a Superdex 75 gel filtration column (GE Healthcare) equilibrated and eluted with 25 mM sodium acetate buffer (pH 5.0).
The apo C12A/C15A variant was prepared from the purified holo variant by the acid butanone extraction method.
12)
Absorption and circular dichroism spectroscopies. Visible absorption spectra of the purified holo AA c 555 wild-type and the holo C12A/ y To whom correspondence should be addressed. Tel/Fax: +81-82-424-7924; E-mail: sambongi@hiroshima-u.ac.jp Abbreviations: AA c 555 , Aquifex aeolicus cytochrome c 555 ; CD, circular dichroism; MES, 2-morpholinoethanesulfonic acid; PA c 551 , Pseudomonas aeruginosa cytochrome c 551 Biosci. Biotechnol. Biochem., 73 (9), [2022] [2023] [2024] [2025] 2009 C15A variant (9 mM) in 20 mM potassium phosphate buffer (pH 7.2) were obtained with a JASCO V-530 spectrophotometer (JASCO Co., Tokyo, Japan) at 25 C. Pyridine hemochromes of these proteins were prepared, 13) and visible absorption spectra of them were obtained similarly. Circular dichroism (CD) spectra of the air-oxidized holo AA c 555 wild-type and the holo and apo C12A/C15A variants (20 mM) in 20 mM potassium phosphate buffer (pH 7.2) were obtained with a JASCO J-820 spectrometer (JASCO) at 25 C.
Thermal stability measurements. Thermal denaturation experiments were carried out by monitoring CD spectra in a pressure-proof cell compartment (JASCO) that was attached to a JASCO J-820 CD spectrometer. 14) Protein solutions of the air-oxidized holo AA c 555 and holo and apo C12A/C15A variants (20 mM) in 20 mM sodium acetate (pH 5.0) were subjected to analysis. The temperature-dependent CD ellipticity change at 222 nm was monitored in a cuvette of 1 mm pathlength. The CD values were recorded from 30 to 170 C at temperature intervals of 1 C at a heating rate of 1.0 C/min. The raw data were subjected to nonlinear least-squares fitting with MATHEMATICA 3.0, as described previously.
8) The data points were corrected for the slope of the baselines for the native and denatured forms, and normalized to calculate the fraction of protein denatured. The fraction denatured was plotted as a function of temperature, and the resulting thermal denaturation curves were used to determine the temperature at the midpoint of the transition (T m ). Reversibility of apo C12A/C15A denaturation was tested. After completion of heating up to 90 C, the sample was kept at this temperature for 5 min. Subsequently, it was cooled to 30 C for measurement of CD spectra.
Reconstitution of the apo C12A/C15A variant. Reconstitution of the C12A/C15A variant with hemin was achieved by the addition of 1-ml aliquots of a 1-mM solution of hemin (Sigma-Aldrich, St. Louis, MO, USA) in 50% dimethyl sulfoxide to 1 ml of 8 mM apo protein in 20 mM potassium phosphate buffer (pH 7.2) at 25 C as described previously. 15) Visible absorption and CD spectra were recorded immediately after mixing of the sample solutions by inversion.
Results

Visible absorption spectra
The C12A/C15A variant was produced as a hemoprotein in the E. coli periplasm, similarly to the case of the AA c 555 wild-type.
4) The peak wavelengths in visible spectra of the purified AA c 555 wild-type and C12A/ C15A variant are listed in Table 1 . The absorption spectra of the AA c 555 wild-type and C12A/C15A variant showed -band maxima at 553.5 and 562 nm respectively, and the pyridine hemochromes of these proteins showed -band maxima at 549 and 555.5 nm respectively. A similar wavelength shift depending on a difference in the heme binding motif has been observed for thermophilic Hydrogenobacter thermophilus cytochrome c 552 and its variant with no Cys heme-binding motif.
16) The reverse shift has been observed for E. coli periplasmic cytochrome b 562 and its c-type variant with double thioether-bound heme.
17) The present results indicate that the heme exists in the C12A/C15A variant without any covalent thioether bonds.
Far-UV CD spectra
Far-UV CD (195-250 nm) spectra were obtained to determine the secondary structures of the holo form of AA c 555 and the holo and apo forms of the C12A/C15A variant. The far-UV CD spectra showed that the holo and apo C12A/C15A variants (blue line and broken green line in Fig. 1 respectively) gave typical peaks of helix. The 222-nm peaks of these three proteins are almost the same extent. The helical contents of holo AA c 555 , and holo and apo C12A/C15A were estimated to be 61, 59, and 57% respectively by a simple method using the CD ellipticity at 222 nm. 18, 19) This indicates that the loss of the thioether bonds and removal of heme did not significantly affect the protein secondary structure of AA c 555 .
In contrast, removal of the heme from mesophilic Pseudomonas aeruginosa cytochrome c 551 (PA c 551 ), which was carried out by the standard method, 1) resulted in disappearance of the helical structure. That is, the 208 and 222 nm peaks were reduced drastically and the peak of random coiled polypeptide appeared at 203 nm in the CD spectra (black line for the holo form and broken gray line for the apo form, Fig. 1 ). Most other cytochromes c exhibit similar behavior as to the disappearance of the helical structure upon heme removal. 1, 20) Hence, we conclude that apo C12A/C15A unusually retains its helical structure, in contrast to the other apo cytochromes c.
The far-UV CD spectra of apo C12A/C15A differed somewhat from those of the holo AA c 555 and holo C12A/C15A proteins, in that the 208 nm peak observed in the two holo proteins shifted to 206 nm in apo C12A/ C15A (Fig. 1) . This might be an indication of some undefined structural alteration in apo C12A/C15A upon heme removal. Notwithstanding this alteration, the heme removal in the C12A/C15A variant affected the struc- ture less than that of PA c 551 . Therefore, apo C12A/ C15A has structure similar to those of the holo proteins.
Thermal stability
Thermal denaturation curves for the air-oxidized holo AA c 555 and the holo and apo C12A/C15A variants were obtained by CD measurements. The data-fitted curves exhibited single cooperation (Fig. 2) , apparently indicating that protein denaturation proceeded in a twostate transition manner. The T m values were estimated to be 129:7 AE 0:1, 79:1 AE 0:1, and 73:8 AE 0:2 C for the holo AA c 555 and holo and apo C12A/C15A variants respectively. The large difference in T m value between holo AA c 555 and holo C12A/C15A, about 50 C, indicates that thioether bonds greatly increase the stability of the overall protein structure, consistently with previous findings for other cytochromes. 15, 16, 21) Although the T m value of the apo C12A/C15A variant was only about 5 C lower than that of the holo C12A/ C15A variant, cooperativity during protein denaturation was reduced in the apo protein (Fig. 2) , suggesting that the heme affects the denaturation process in C12A/ C15A, but the thermal denaturation of apo C12A/C15A still exhibited cooperativity comparable to that of its holo form (Fig. 2) . This is in contrast with other apo cytochromes c, which show a complete loss of cooperativity. 1, 15) Furthermore, the denaturation process in apo C12A/C15A was reversible. Taking all this together, the structure of apo C12A/C15A appears to be formed independently from the heme binding.
In vitro heme incorporation into the apo C12A/C15A variant Titration of the apo C12A/C15A variant with free heme (hemin) under reducing conditions is shown in Fig. 3 . Holo C12A/C15A formation occurred immediately after the addition of the heme within the mixing time (about 5 s) of the sample solution. The absorption spectra were identical to those of the reduced holo variant prepared at the end of the titration, showing 1:1 stoichiometric incorporation of the heme (see Fig. 3 , inset). Still, the addition of heme did not cause a CD ellipticity change at 222 nm (see Fig. 3, inset) . A very similar titration profile was observed under oxidizing conditions (data not shown). These results indicate that the structured apo C12A/C15A can incorporate free heme in vitro, and that the internal existence of heme does not significantly affect the protein secondary structure of the C12A/C15A variant.
Discussion
In the present study we constructed the C12A/C15A variant of AA c 555 , which cannot covalently bind heme, and found that apo C12A/C15A can form helical structure without heme binding and incorporates heme in vitro without significant helical content change. These results indicate that the intrinsically structured apo C12A/C15A polypeptide incorporates heme, similarly to the cases of some cytochromes b.
5-7) Although we do not have any experimental data for apo AA c 555 because the apo form could not be prepared from the holo one by the standard method, 1) this consideration regarding the C12A/C15A variant should be applicable to AA c 555 . This is because Cys and Ala residues exhibit similarity in side chain structure and hydrophobicity. 22) Hence, we propose that the apo AA c 555 polypeptide can intrinsically form a holo-like structure without heme binding, this being the first case of a cytochrome c polypeptide. The present study indicates that heme is not necessarily required for cytochrome c polypeptide folding.
The AA c 555 sequence contains more highly hydrophobic and/or aromatic amino acid residues (nine Leu, six Ile, three Phe, three Val, and one Tyr) than the homologous PA c 551 protein. Recently, we determined the three-dimensional structure of holo AA c 555 , 23) in which most of these hydrophobic residues are localized in the helical structures (Fig. 4) and constructing a hydrophobic core in the protein interior. Generally, hydrophobic interactions are responsible for protein stability and are a major driving force of protein folding. 24) Therefore the hydrophobic residues of AA c 555 in part contribute to the high stability of the holo state and also to the folding ability of the polypeptide, leading to the formation of secondary structures and the hydrophobic core in the apo state. These hydrophobic residues in AA c 555 should complement the role of heme in the usual cytochrome c formation, in which heme binding to a cytochrome c polypeptide triggers protein folding involving hydrophobic interaction, because heme is a highly hydrophobic cofactor. Mutational studies of AA c 555 and homologous cytochromes c will offer a chance to determine the amino acid residues controlling the folding ability of cytochromes c.
